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Investigation of early growth of calcium hydroxide crystals
in cement solution by soft X-ray transmission microscopy
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Abstract The early growth of calcium hydroxide (CH)
crystals in cement solution is investigated by soft X-ray
transmission microscopy imaging. A quantitative analysis of
the successively recorded images of the hydration process
enabled to evaluate the supersaturation ratio of solution,
growth rates, both kinetic and diffusion coefficients, and
concentrations of solute molecules at {1010} and {0001}
facets of the CH crystals. Itis concluded that the difference in
obtained concentrations of solute molecules at these facets
may be associated with solubility anisotropy of crystallo-
graphic facets of the CH. The interfacial energy of the CH
nuclei in aqueous solution is evaluated to be 0.114 J/m? that
by an order of magnitude is smaller than the average free
surface energy of this phase. The proposed theoretical
approach is universal and, in potential, may be applied to any
precipitating phase in a supersaturated solution.

Introduction

Research on cement hydration was performed at the full-
field soft transmission X-ray microscope XM-1 located at
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beamline 6.1.2 at the Advanced Light Source (ALS), which
is operated by the Center for X-ray Optics, Lawrence
Berkeley National Laboratory, Berkeley, California. Pre-
vious research [1-3] has been conducted using this
microscope for the in-situ observation and qualitative
analysis of through-solution hydration products and prod-
ucts of topochemical reactions, which form in cementitious
aqueous solutions. The high spatial resolution (&35 nm)
of the microscope XM-1 provides a remarkable possibility
to trace the early growth process of a precipitating indi-
vidual particle in solution and to record both the size and
shape variations in time. This may allow to investigate, at
different physical conditions, the dynamics of the growth
process and also to grade the growth rates of the main
phases: calcium hydroxide (CH), ettringite, and calcium
silicate hydrate that form in cementitious aqueous solution.

In this work, we focus our analysis on precipitation
process in cement solution of the CH. The analysis of
successive images of the hydration process provided criti-
cal quantitative information about the growth rate of CH
crystals, the supersaturation ratio, the kinetic and diffusion
coefficients, and some other important parameters charac-
terizing the growth process.

Experiment

ASTM Type II Portland cement and 6% C4A3S admixture
were mixed in aqueous solution saturated with respect to
CH and gypsum. The overall goal of this research program
was to study expansive cements, therefore, the C1A5S
admixture was included in the experimental program
because addition of C4A3S to Portland cement has been
proven to generate ettringite and significant early-age
expansion. For comparative analysis, second solution was
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prepared by mixing 100% C4A3;S admixture (i.e., no
cement) in aqueous solution also saturated with respect to
CH and gypsum. Both solutions were prepared with fresh,
and boiled deionized water. For synchrotron radiation
imaging, from both solutions the sample preparation pro-
cedure was the same. The solution/solid materials ratio was
10, which is higher than the ratio used in regular concrete
and mortars; to compensate for this dilution, the solutions
were originally saturated with CH and gypsum. The solid
particles were mixed for 50 s in the solution, and then
centrifuged for 15 s to remove large particles as the sample
thickness is restricted to about 10 pm. After centrifugation
procedure the solution/solid materials ratio decreased and
was estimated to be 50. To allow sufficient transmission of
the soft X-rays, a small droplet was taken from the
supernatant solution and assembled in the sample holder,
and then squeezed between two thin SiN windows for the
analysis. Sample is viewed through these SiN windows
which are sandwiched between stainless steel plates fitted
with rubber o-rings to minimize evaporation and exposure
to CO,. The X-ray optical setup of the microscope XM-1 is
described elsewhere [2]. This experiment used a wave-
length of 2.4 nm (516.6 eV). The radiation transmitted by
the sample was detected using an X-ray CCD camera, with
a resolution of 35 nm and magnification factor of about
2000. The recorded images have a circular field of view of
approximately 10 pm in diameter (see Figs. 1 and 2). The
illumination time per image was in the range of 1-14 s.

For phase analysis of hydration products that form in 6%
C41A5S admixture-containing solution, we recorded an
X-ray diffraction (XRD) spectrum from a sample prepared
from this solution. The sample has been prepared in the
following way. Again, ASTM Type II Portland cement and
6% C4A3S admixture were mixed in aqueous solution
saturated with respect to CH and gypsum. The solution/
solid materials ratio was 50. After 2 h the solution was
filtered rapidly for removal of water and the XRD spectrum
has been recorded from remaining solids (see Fig. 3).

The experimental work was conducted at a room tem-
perature 7T = 298 K.

Theoretical model and obtained results

Figure 1 shows X-ray images of the hydration process
during the first 118 min immediately after the solution was
prepared. The six images were recorded every 23.6 min, on
average. On the basis of analysis of the soft X-ray images
recorded from cementitious solutions by previous research
[1-3], it may be concluded that the largest particle obser-
vable in the images presented in Fig. 1 is a Portland cement
grain. In these images, it may be clearly traced that the
precipitation of hydration products are both on and apart

from the cement grain. The tiny fiber-like particles precipi-
tating on the surface of the cement grains (see Fig. la—f)
are thought to be a form of calcium silicate hydrate (C—S—
H) or a form of silicate poisoned CH, a potential C—S—-H
precursor [1, 2]. Portland cement contains aluminate pha-
ses which in reaction with sulfate ions and water lead to the
formation of ettringite crystals with hexagonal-prism
shape. Using soft X-ray imaging technique, Juenger et al.
[2] observed precipitation of large crystals, definitely
belonging to ettringite, on the Portland cement grains in a
dilute aqueous solution. Therefore, in Fig. 1b—f, the com-
paratively large particles precipitating on the cement grain
and viewing with a cylinder-like shape presumably belong
to ettringite (in Fig. 1f, these particles are indicated with
white solid arrows). No formation of regularly-shaped
crystals was observed during the first 15 min after the
sample preparation (see Fig. la); it is assumed that this
time-interval is associated with the nucleation period of the
growing particles. The images presented in Fig. 1bf,
however, clearly show the growth process of crystals with a
plate-like shape. These crystals are imaged in different
crystallographic projections that definitely belong to par-
ticles with a hexagonal-prism shape, as is schematically
depicted in Fig. 4. Previous research [4—7] has shown that
the crystals of the CH precipitate with hexagonal-prism
shape faceted by {1010} prismatic and {0001} basal facets,
and exhibit aspect ratio r; that satisfies the following
condition:

rL:Ll/LZZlv (1)

where L; and L, are the characteristic linear sizes of a
crystal, corresponding to (1010) and (0001) growth
directions (see Fig. 4). Therefore, the regularly-shaped
isolated particles observed in the recorded images in Fig. 1
were assumed to be the evidence of the CH phase, but not
ettringite. Figure 2 presents the X-ray image recorded from
the solution saturated with respect to CH and gypsum and
containing 100% C4A3S admixture (i.e., no cement). The
crystals seen in Fig. 2 are either ettringite or CH because of
the chemistry of this solution. Formation of the CH could
be expected due to evaporation of solution changing the
system from CH-saturated to CH-supersaturated. However,
this possibility is excluded since under experimental con-
ditions of the applied technique any noticeable evaporation
of water from the solution cannot take place during 2-h of
experimental time. Besides, the needle-like shape of crys-
tals in Fig. 2 is not typical of CH. As was demonstrated by
Mehta [8] on the bases of scanning electron microscopy
imaging and XRD analysis, 100% C4A3S admixture-con-
taining solution is the most optimum condition for
encouraging the formation of ettringite crystallites with
prolonged hexagonal-prism shape. The indicated morpho-
logical peculiarity is typical of this phase and, as a rule, in
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Fig. 1 Soft X-ray images of aqueous cement solution (ASTM Type 11
Portland cement and 6% C4A3S admixture; solution/solutes ratio was
50) saturated with respect to CH and gypsum. Images were recorded at
a time-interval of 15-118 min immediately after solution preparation
from a fixed volumetric region. Scale bar is 1 pm. White arrow in
image (a) indicates a hydrating cement grain covered with tiny needle-
like particles that are thought to be a form of calcium silicate hydrate
(C-S-H) or a form of silicate poisoned CH, a potential C-S-H

Fig. 2 Soft X-ray image of aqueous cement solution (100% C4A3S
admixture; solution/admixture ratio was 50) saturated with respect to
CH and gypsum. About 20 min of hydration. Scale bar is 1 um

cemetitious materials, ettringite precipitates as needle-like
crystallites with hexagonal-prism shape and aspect ratio
r. = L1 /L, <1 (Fig. 4 depicts the growth facets also for an

@ Springer

precursor. In images (b) to (f), solid arrows indicate the growth process
of a CH crystal (numbered as particle No. 1), for which a quantitative
analysis has been conducted in terms of growth parameters; dashed
white arrows indicate a CH crystal (numbered as particle No. 2) with
imaged {0001} basal facet, and dashed black arrows indicate another
three growing crystals also identified as CH. In image (f), white solid
arrows indicate the large crystals (presumably it is ettringite) that grow
on the surface of the cement grain
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Fig. 3 XRD spectrum recorded from the sample prepared from
ASTM Type II Portland cement and 6% C4A3S admixture-containing
aqueous solution saturated with respect to CH and gypsum. The
solution/solid materials ratio and hydration time of solution were 50
and 2 h, respectively. The inset shows the expanded view of the
angular range that involves overlapping 112 ettringite (20 = 17.8°)
and 001 CH (20 = 18.1°) diffraction peaks. The phase analysis was
conducted according to the following JCPDS cards: No. 42-0551 for
C5S, No. 36-0642 and No. 33-0302 for C,S, No. 30-0226 for C4AF,
No. 42-1478 for C4A3S,No. 06-0010 and No. 06-0013 for C-S-H,
No. 41-1451 for ettringite, and No. 04-0733 for CH
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Fig. 4 a Hexagonal-prism shape of a CH crystallite with {0001}
basal and {1010} lateral facets. L, is the linear size along (0001)
growth direction. b View at a {0001} facet. L, is the linear size of the
crystallite in (1010) growth directions

ettringite crystallite). Clustering of precipitating crystallites
is also typical of ettringite. Therefore, according to above-
presented motivation, Fig. 2 is also evidence of the for-
mation of ettringite. Hence, it may be concluded that the
6% C4A3S admixture content in aqueous solution under
investigation was not sufficient to promote the fast pre-
cipitation of isolated ettringite particles with noticeable
sizes during the specified observation time. Thus, it may be
argued in a reliable way that the isolated crystals with
hexagonal-prism shape observed in images presented in
Fig. 1b—f do not belong to ettringite. However, because of
chemistry of 6% C4A3S admixture-containing solution and
its possible contamination with CO, it is necessary to
consider also the possibility that these plate-like crystals
are calcium monosulfate hydrate (AFm) and/or any poly-
morph of calcium carbonate (CaCOj) since particles of
these phases may also precipitate with a plate-like shape.
Formation of CaCOj crystallites is expected due to
through-solution precipitation according to the reaction
Ca*™ + CO%’ — CaCOs;. Therefore, for phase analysis
of hydration products that form in 6% C4A3S admixture-
containing solution, an XRD spectrum was recorded (see
Fig. 3) from a sample prepared from this solution (for
details of the sample preparation see the previous section).
The spectrum presented in Fig. 3 indicates that the sample
contains the raw unhydrated phases, i.e., the components of
Portland cement and admixture: C,S, C3S, C,AF, and
C4A3S as well as hydration products: ettringite, C-S—H,
and CH (the conventional notations in cement chemistry
are used: C = CaO, A = ALL,O;, S = SiO,, S = SO3, and
H = H,0). From comparative analysis of the intensities of
recorded diffraction peaks, it follows that the most part of
the sample is composed of raw materials. This means that a
2-h period was not sufficient for the formation of hydration
products in a large amount. The recorded XRD spectrum
did not reveal the presence of AFm and CaCOj phases:
either these phases did not form or their content is too small
to be resolved. It is reliably established that, under sulfate

reach condition, formation of the ettringite is preferable in
comparison to AFm phase precipitation. Due to gypsum
and C4A3S admixture content, our solution was rich by
sulfate ions and their concentration is likely maintained on
the high level during 2-h observation time (note that the
XRD spectrum in Fig. 3 shows that, after 2-h period of
hydration, the content of undissolved C4A3S admixture is
still high). This facilitated preferential growth of the
ettringite rather than formation of the AFm phase in
accordance with results of XRD phase analysis (see Fig. 3).
As to possible formation of the CaCO; phase, in analysis of
the XRD spectrum, it was taken into account that calcium
carbonate exhibits three main polymorphs: calcite, vaterite,
and aragonite. Formation of the polymorphic form arago-
nite is stable at temperatures 40 °C [9]. Therefore, we may
exclude the formation of the aragonite polymorph since our
experiments have been conducted at much lower temper-
ature, 25 °C. In aqueous solution, crystallites of calcite
precipitate with different shapes depending on pH value
[10], however, these shapes substantially differ from a
distinct hexagonal-prism shape of particles identified in
images in Fig. 1b—f as CH crystals. As to vaterite poly-
morph, in the aqueous solution the crystallites of vaterite
precipitate with a spherulite-like form [11]. Interestingly,
the crystal lattice parameters of vaterite are in such a
relation with the CH lattice parameters that we may expect
epitaxial growth of this polymorph on surfaces of the CH
crystallites that precipitate in solution [10]. In an aqueous
solution supersaturated with respect to CH, uncontrollable
penetration of CO, into the solution leads to carbonation
(presumably with vaterite) of the surfaces of growing CH
crystallites rather than to precipitation of the calcium car-
bonate particles [12]. In turn, it is established on the basis
of soft X-ray microscopy imaging [13, 14] that, as a rule, a
noticeable carbonation of a cementitious solution is
accompanied by appearance of chains or clusters of small
air bubbles, which are potential suppliers of CO,. In X-ray
images presented in Figs. 1 and 2, there is no any evidence
of the penetration of air bubbles into solutions; therefore, in
our experiments a high degree of contamination with CO,
and, hence, precipitation of the calcium carbonate crystals
with noticeable sizes are improbable. Thus, from results of
XRD phase analysis and above-presented arguments we
may conclude in a reliable way that the crystallites with
hexagonal-prism shape observed in X-ray images in Fig. 1
belong to CH.

As is clearly demonstrated in Fig. 1b—f, the relative
locations and orientation of the growing CH crystals in
solution are preserved in time. That is to say, during the
growth process, no strong convective fluxes were generated
in the solution and the growing particles remained immo-
bile. Note in these figures that particle No. 1 is viewed
along a (hkiO) crystallographic direction, whereas particle
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No. 2 is oriented in such a way that its {0001} basal facet
(see also Fig. 4) is observed. Particle No. 1 is of special
interest as it is viewed along a (hkiO) crystallographic
direction (the {0001} facets of the particle exhibit a slight
misorientation with respect to observation direction), and
its stable orientation was favorable for simultaneous mea-
surements of the linear sizes L; and L,, depending on time
and, hence, for evaluation of corresponding growth rates in
both the (1010) and (0001) directions (see Fig. 4).

The limitations of the microscope (a resolution of
35 nm) does not allow observation of the nucleation pro-
cess of the CH crystallites in solution from the very
beginning of their formation. As a first approximation,
however, it may be assumed that the nuclei of this phase
possess a quasi-spherical shape and grow during the
nucleation period, 0 <t <1, with a constant rate, V,,
which defines the increase of the nucleus diameter, d, with
time, according to a relationship [15]

d(r) = V,t, (2)
where
Vn = ZQﬂn(C - Ce)v (3)

t is the time, t,, is the duration of the nucleation period, Q is
the volume occupied by a molecule (unit cell) in a nucleus,
p,. is the growth (nucleation) kinetic coefficient during the
nucleation period, and C, and C (in m ™ units) are the
equilibrium  concentration  (solubility) and actual
concentration of solute molecules, respectively. At time
t =t,, only a small part of the CH crystallites reaches a
critical diameter (the size at which the stable growth of a
particle is energetically more favorable) [15]:

4Qy

=T ns )

and continue to increase in size. A majority of the CH
crystallites with sizes in the range d < d,, does not reach
the critical diameter because of a partial dissolution that
results from thermal and supersaturation fluctuations. In
Eq. 4, y is the nucleus—water interfacial energy, 7 is the
temperature, k is the Boltzmann constant, and S is the
supersaturation ratio of the solution. Equation 2 yields an
alternative expression for the critical diameter, d, = V,t,,
which is achieved at t =1, The following simple
relationships connect parameters S, C.,, and C with the
ionic product, K, and the solubility product, K, of the CH:

K
S=—, C.=/Kyp/4, C=+/K/4, (5)
Ks“p

where, parameters C, =~ 7.83 x 10** m™> and K, ~
8.79 x 107° M? are known [16].

During the post-nucleation period, where ¢ > f,,, the CH
nuclei that reach the critical diameter continue to grow
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through their preferential {1010} and {0001} facets (see
Fig. 4). For quantitative description of the growth process
of CH particles at post-nucleation period, we may modify
the theoretical results that are obtained for growth process
of a spherical particle in a supersaturated solution. The
growth rate of a spherical particle, V = 0d/0t, in a satu-
rated and non-mixing solution in isotropic approximation,
is given by the following equation (see, e.g., [15, 17]):

od 2Qp(C-C,)
a = 1+ Bd s (6)
2D

where, d is the diameter of particle, 0d /0t is the derivative
with respect to time, f is the isotropic growth kinetic
coefficient that is assumed for a local surface area of the
particle to be independent on crystallographic orientation,
and D is the diffusion coefficient of solute particles;
parameters Q, C, and C, were defined in Eq. 3. Note that in
the limit of small sizes, d — 0, Eq. 6 transforms into Eq. 3
once ffd/(2D) < 1. Integrating Eq. 6 results in

2
d(t) = \/(ZD + dn> +8Q(C — C.)D(t — t,) — Z—D, (7)
i B

where it is implied that parameter d,, = d(t,) is the value of
diameter at the beginning ¢ = 7, of the post-nucleation
period, t > t,, and is defined by Eq. 4. According to our
experimental observations (see Fig. 1b—f), the growing CH
particles exhibit hexagonal-prism shape, and Eq. 7 is not
valid for a realistic analysis of their shape evolution. To
modify Eq. 7 for application to growth process of the CH,
it is assumed that the growth kinetic coefficient, f8, and the
equilibrium concentration of solute molecules, C,, differ at
{1010} and {0001} facets. This assumption is based on the
following argumentation: The Curie-Wulff rule (see, e.g.,
[15]) is valid at a size scale <1 um of a precipitating
particle and for equilibrium configuration of a CH
crystallite can be expressed as follows:

2-n, ®)
2 P2

where, y, and y, are the interfacial energies between {1010}
and {0001} facets and solution, respectively; linear sizes L,
and L, are defined in Eq. 1. The data extracted for linear sizes
of particle No. 1 from images given in Fig. 1b—f give for the
aspect ratio an estimate r, =L;/L, ~ 2.7, which in
compliance with Eq. 8 predicts rather strong anisotropy for
the surface energy of the CH. In addition, the estimate
Ly /L, ~ 2.7 indicates that the growth rates of {1010} and
{0001} facets differ substantially. The difference in the
growth rates of different types of crystallographic facets is
caused by the two factors: anisotropy of the growth kinetic
coefficient [15]; and dependence of the supersaturation ratio
at the surface of a facet on its crystallographic type [18].
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According to Eq. 5, the latter factor may be associated with
individual solubility of a facet of a certain crystallographic
type, i.e., with anisotropy of the solubility, C,. At
supersaturation conditions, the growth process of a particle
in solution results from the two competitive processes,
crystallization and dissolution, with the crystallization
process dominating. Even at supersaturation conditions,
detachment of a certain amount of adsorbed molecules (i.e.,
dissolution) takes place owing to local thermodynamic
fluctuations of the supersaturation and temperature. At a
given type of growth facet, the crystallization process (the
transition of solute molecules from solution into an
adsorptive layer and incorporation into crystallographic
sites) is characterized by the growth kinetic coefficient,
whereas the dissolution process may be quantified through
individual solubility of the facet [18], i.e., through local
concentration of solute molecules in solution at the facet.
Generally, for a given facet, the near-facet concentration of
solute molecules is associated with solubility of this facet. In
the case under consideration here, there is no evidence to
argue that for a given facet the near-facet concentration of
solute molecules equals to solubility of this facet. In fact, itis
more reasonable to assume that the higher solubility of the
facet, the larger near-facet concentration of solute molecules
in solution for this facet. Therefore, taking into account
the above-presented estimate y,/y, = 2.7 (see Eq. 8) for
ratio of the surface energies of {1010} and {0001} facets,
further analysis assumes that at these facets concentrations of
solute molecules in solution differ. Accordingly, after
replacements,

ﬁ_)ﬁh Ce_>Csi;

Equation 7 is now modified into the following set of
expressions:

d—L, (i=1,2)

2D
i B’
(i=1,2) 9)

where the subscript values i = 1 and 2 correspond to
(1010) and (0001) growth directions (i.e., to {1010} and
{0001} facets), respectively; L;, B;, and Cj; are the linear
size of the particle (see Eq. 1), kinetic coefficient and the
concentration of solute molecules in solution at facets of
the type i (i = 1, 2), respectively, and D is the diffusion
coefficient of solute molecules. According to Eq. 9, at
t=1t,

Ll(tn) = LZ(tn) = dnv (10)

Li(1) :\/<2ﬂ—D+ dn)2+SQ(C —Cy)D(t —t,) —

where now d,, is the initial value of the sizes L; and L, at
the beginning of the post-nucleation period. Equation 10, a
boundary condition that connects Eqs.2, 4, and 9,
expresses a continuous variation of the linear sizes of a

growing particle at transition of the nucleation process into
post-nucleation growth stage.

Equation 9 yields the growth rates in directions of
interest, V, and V,, as

dL; 4Q(C - C4)D
Vi =4 = A ,

t \/(2/TD + dn)2+89(c — C)D(t — 1)
=12 (11)

where, again, the subscript values i = 1 and i = 2 corre-
spond to growth rates in directions (1010) and (0001),
respectively.

Further analysis requires the numerical value of the
nucleus—water interfacial energy, 7y, introduced through
Eq. 4. Unfortunately, the literature contains no data of this
parameter for CH in aqueous solution. Brunauer et al. [4]
determined experimentally the total surface energy of CH
to be 7, = 1.18 J/m?, which may substantially differ from
interfacial energy, y, as these parameters differ in terms of
the physical definition. The interfacial energy may be
estimated from the following relationship [19]:

qkT 1
y :—92/3 1“(9@)’ (12)

where ¢ is the so-called shape parameter of a crystalline
nucleus and accepts a value ¢ = 0.514 if the shape of the
nucleus is spherical. For data Q = 5488 x 107% m3,
C, =783 x 10¥*m™>, k=138066 x 1002 J/K, T=
298 K,and ¢ = 0.514,avaluey = 0.114 J/m? is calculated
using Eq. 12 for nucleus—water interfacial energy. Note that
the obtained estimate y = 0.114 J/m? for interfacial energy
between CH and water by a factor of about 10 is smaller
than the total surface energy of CH, 7y, = 1.18 J/m?
reported by Brunauer et al. [4].

Figure 5 presents experimental data and corresponding
theoretical curves for linear sizes d, L, and L, and for aspect
ratio r; = L1/L, versustime for particle No. 1 (see Fig. 1b—f).
For this particle, the experimental values of linear sizes L,
and L, have been obtained through direct measurements of
these parameters from recorded images (Fig. 1b—f). During
the observation time-interval 31 min < ¢ < 118 min, the
sizes L, and L, increased in the ranges 0.60 pm < L; <
1.38 um and 0.21 pm < L, < 0.51 pm, respectively. The
aspect ratio, r, = L /L,, calculated from experimental val-
ues L, and L,, was practically stable during observation time,
rp ~ 2.7. In Fig. 5, the linear dependence d(f) showed an
increase of the nucleus size according to Eq. 2 at nucleation
period, t < t,, whereas the curves L(f) and L,(f) represent
the best fits to the experimental data at post-nucleation per-
iod, t > t,, according to Eq. 9. The dependencies L,(#) and
L,(t) were achieved in the following way. First, applying the
method of polynomials least-squares fitting, we found
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Fig. 5 Variation of the linear sizes d, L; and L, of particle 1
depending on time. At nucleation period, 0 < ¢ < t,, the particle size
d increases linearly according to Eq. 2 (solid inclined line). The
horizontal solid line corresponds to nucleation critical diameter
d, = 0.05 pm. At post-nucleation period, ¢ > f,, the medium and
small size dots and curves L; (¢) and L, (r) represent experimental data
and the best fits according to Eq. 9 for sizes L; and L,, respectively;
large dots and curve r;(f) = L(t)/L(t) represents experimental data
and the theoretical curve of the aspect ratio over period ¢ > 0. In
compliance with boundary condition 10, d(t,) =d, = Li(t,) =
Ly(t,). At t > 25 min, the aspect ratio is maintained at a maximal
level r, ~ 2.7. The horizontal dashed line corresponds to asymptotic
limit rﬁm = 2.5 at t = oo according to Eq. 13

interpolation curves L(li") (¢) and Lgi") (¢) for experimental L,
and L, data, respectively. The intersection point of curves
L™ (¢) and L") (r) yielded the duration of the nucleation
period and critical diameter of nucleus, #, &~ 15 min and
d, ~ 0.05 um (see Fig. 5). Next, using the data Q=
5.488 x 107%m?, k = 1.38066 x 107> J/K, T = 298K,
y=0.114J/m? C,=783x 10" m™>, and K, ~
8.79 x 107° M [16], from the set of Egs. 4 and 5 the value of
the actual concentration of solute molecules was calculated
to be C = 8.22 x 10** m™>. Thus, for each dependence,
L(t) (i =1, 2), given by Eq. 9, the number of unknown
parameters is reduced to three: f8;, D, and Cy;. Finally, using
Eq. 9, the best fits of dependencies L,(#) and L,(¥) to exper-
imental data were achieved at values of unknown parameters
B, = 6254 pm/min, f, = 5920 pm/min, D = 222 pm?/
min, Cy; = 7.970 % IAO24 m’3,and C,, = 8.181 x 10¥* m—3.
Note that curves LE’">(t) and L(¢) (i =1, 2) practically
coincide therefore, Fig. 5 only presents the latter curves.

Using Egs. 2-5, the following data was calculated for
the next group of unknown parameters: K = 10.18 x
107 M3, §=1.158, V,=0.003 um/min, and f, =
78 pm/min. Then, using Eq. 11, the average growth rates
in directions (1010) and (0001) during the post-nucleation
period were determined to be V| = 0.014 pm/min and
V, = 0.005 pm/min, respectively.

In spite of a large number of fitting parameters, f1, f32,
D, Cy1, and Cy,, the best fits for curves L;(¢) and L,(¢) to the
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experimental data were easily obtained using Eq. 9 (see
Fig. 5), because Eq. 9 exhibits considerably different
parametric dependencies on kinetic and diffusion coeffi-
cients. According to Eq. 9, at the beginning of the post-
nucleation period, ¢, ~ 15 min < ¢ < 20 min (see Fig. 4),
the size variation is controlled by the surface kinetic pro-
cesses. Therefore, the main fitting parameters are the
kinetic coefficients 5, and f3,. At a later stage, r = 20 min,
it follows that the growth process is driven predominantly
by the diffusion, and, accordingly, the main fitting
parameter is the diffusion coefficient, D.

Interestingly, for an infinitely large observation time,
Eq. 9 yields for the aspect ratio the following limit:

o0 — Lim [L; (1) /La(1)] = \/g:—gz "

At determined values C = 8.22 x 10** m™> , Cq=
7.970 x 10**m~3, and Cy = 8.181 x 10**m~3, Eq. 13
yields for our case a limit rfl) ~2.5. In turn, Eq. 13

leads to another important limit:

Lim P =1, (14)

which predicts that at large concentration of solute mole-
cules the shape of a growing particle is expected to be
geometrically more homogeneous in different crystallo-
graphic directions. A numerical analysis of Eq. 13 shows
that: (i) parameter rft) rapidly increases once the actual
concentration of solute, C, approaches its near-surface
concentration at {0001} facets, C;, = 8.181 x 10** m™3;
and (ii) a value rést) = 1 evaluated according to Eq. 14 is
the lower limit of the aspect ratio.

Discussion and main conclusions

Precipitating CH crystallites were observed in images
recorded from other volumetric regions of the solution.
Using statistics, the values of the same parameters charac-
terizing the growth process were extracted in the same way
detailed above from analysis of images of three other CH
particles. For each physical parameter, the data extracted
from analysis of images of four CH particles exhibit dis-
persion of no more than 5% (for the sake of brevity, these
additional images and corresponding data evaluated for
growth parameters from these images is not presented).
Therefore, all the physical parameters evaluated from anal-
ysis of the precipitation of particle No. 1 may be considered
to be characteristic for the growth process of the CH phase in
solution under investigation. According to plots presented in
Fig. 5 for particle No. 1, the growth process of the CH
crystals in solution may be quantitatively described as fol-
lows: At nucleation period with a duration of 7, ~ 15 min,
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the CH quasi-spherical nuclei grow in size at growth rates of
about of V,, = 0.003 pm/min. At the end of this nucleation
period, only a small amount of these nuclei achieve the
critical size d, ~ 0.05 um and continue to increase in size
during the post-nucleation period, f > t,,. At an initial stage
of the post-nucleation period, 15 min <7<25 min, the
aspect ratio of the particles rapidly increases from r.(¢,) = 1
to a maximal value r™ ~ 2.7, which is more or less
maintained during the succeeding time-interval of the
observation time, 25 min < t < 118 min . Such behavior of
the aspect ratio is presumably caused by a rapid transfor-
mation of quasi-spherical shape of the nuclei into a
polyhedral crystalline shape, and further transformation of
the polyhedral shape into a stable hexagonal-prism shape
(see Fig. 4). The former shape transformation may be asso-
ciated with formation, exceptof {1010} and {0001} facets of
the CH, also of other type small-index crystallographic
facets, suchas {1210}, {1011}, and {1012}. The latter shape
transformation results from gradual vanishing of all the type
crystallographic facets, except in the case of the {1010} and
{0001} facets. The CH crystals grow at post-nucleation
period of 15 min < ¢ < 118 min through their preferential
{1010} and {0001} facets, with the average growth rates
Vi = 0.014 pm/min and V, = 0.005 pm/min, respectively.
Note that during the growth process, it is presumed that
facets like {1210}, {1011}, and {1012} form and then
vanish, since their surface energies and, hence, the growth
rates exceed the same parameters associated with {1010}
and {0001} facets [20]. As predicted by theoretical depen-
dence ry(¢) for the post-observation time ¢ > 118 min (see
Fig. 5 and Eq. 13), the aspect ratio tends to a stationary
value, rﬁw) ~ 2.5 provided that evaluated values of concen-
trations C, Cy;, and C,, are maintained constant in time.
Future analysis [21] will examine whether concentrations
Cy1 and Cy, introduced in Eq. 9 may be associated with
dissolution rates and individual solubility of {1010} and
{0001} facets, respectively.

From Egs. 13 and 14, it may be assumed that through
manipulation of the actual concentration of dissolved
stoichiometric molecules, C, it is possible to control the
aspect ratio of precipitating particles of CH crystals. This
has implications from the technological standpoint in the
production of cementitious materials, because the aspect
ratio of a crystal with known shape and type of crystallo-
graphic facets facilitates quantitative estimates of a
cement’s adhesive ability at different environmental and
physical conditions. A lower limit rft) =1 evaluated in
this work for the aspect ratio of precipitating CH crystals in
aqueous solution is in agreement with values obtained by
other researchers [4-7] (see the relationship given by
Eq. 1).

This study demonstrated that the synchrotron radiation
transmission microscopy may serve as an effective tool not

only for observation of the hydration of cementitious par-
ticles in aqueous solutions [2], but also is a valuable
technique for quantitative analysis of the through-solution
precipitation process of different stoichiometric phases of
the cement paste. Experimental results based on the pro-
posed theoretical model enabled evaluation of the main
physical parameters that characterizes the growth process
of the CH crystals: supersaturation ratio, kinetic and dif-
fusion coefficients, nucleation critical size, crystal aspect
ratio, and growth rates for different crystallographic facets.
A theoretical justification is presented for the lower limit
that exhibits the aspect ratio of the CH crystals in cemen-
titious solutions and hardened cement pastes.
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